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Despite the important contribution of self-transmissible plasmids to bacterial evolution, little is understood
about the range of hosts in which these plasmids have evolved. Our goal was to infer this so-called evolutionary
host range. The nucleotide composition, or genomic signature, of plasmids is often similar to that of the
chromosome of their current host, suggesting that plasmids acquire their hosts’ signature over time. Therefore,
we examined whether the evolutionary host range of plasmids could be inferred by comparing their trinucle-
otide composition to that of all completely sequenced bacterial chromosomes. The diversity of candidate hosts
was determined using taxonomic classification and genetic distance. The method was first tested using
plasmids from six incompatibility (Inc) groups whose host ranges are generally thought to be narrow (IncF,
IncH, and IncI) or broad (IncN, IncP, and IncW) and then applied to other plasmid groups. The evolutionary
host range was found to be broad for IncP plasmids, narrow for IncF and Incl plasmids, and intermediate for
IncH and IncN plasmids, which corresponds with their known host range. The IncW plasmids as well as several
plasmids from the IncA/C, IncP, IncQ, IncU, and PromA groups have signatures that were not similar to any
of the chromosomal signatures, raising the hypothesis that these plasmids have not been ameliorated in any
host due to their promiscuous nature. The inferred evolutionary host range of IncA/C, IncP-9, and IncL/M
plasmids requires further investigation. In this era of high-throughput sequencing, this genomic signature

method is a useful tool for predicting the host range of novel mobile elements.

Comparative genomics has clearly shown that bacterial evo-
lution occurs not only through genetic changes that are verti-
cally inherited but also by extensive horizontal gene transfer
between closely and distantly related bacteria (9). Mobile ge-
netic elements such as plasmids and phages serve as important
agents of horizontal gene transfer that can exchange genetic
material between chromosomes (26). Plasmids also play a crit-
ical role in rapid bacterial adaptation to local environmental
changes, as best exemplified by the alarmingly rapid spread of
plasmid-encoded multidrug resistance in human pathogens
(44, 66). In spite of this, very little is understood about the
range of bacterial hosts in which these plasmids may have
resided and evolved in natural or clinical environments over
time, i.e., their potential “evolutionary host range.” Under-
standing the evolutionary history of virulence, catabolic, and
other plasmids may help us to reconstruct the plasmid transfer
network among microorganisms and track the pathways of
gene dissemination.

A plasmid’s host range can be defined in different ways, but
it is typically understood as the range of hosts in which a
plasmid can replicate (replication host range, or from here on
simply called “host range”). This host range is often narrower
than the range of hosts to which the plasmid can transfer by
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conjugation (transfer host range) (32, 72) but wider than the
range in which it can be stably maintained (long-term host
range) (16). The host range of a plasmid is often determined by
mating assays, wherein that plasmid is transferred into a set of
recipient strains followed by selection for transconjugant
clones that can express one of the traits encoded by the plas-
mid (40, 47). Ideally, the physical presence of the plasmids is
then verified to confirm independent replication. Sometimes
the host range is also inferred from the observed natural range
of hosts in which a plasmid is found in various habitats (24, 72).
The plasmid host range is known to be highly variable among
plasmids, and the terms “narrow host range” and “broad host
range” are used as qualitative indicators (18, 49, 62). For ex-
ample, it has been generally considered that incompatibility
(Inc) groups IncF, IncH, and Incl contain self-transmissible
narrow-host-range plasmids, while IncN, IncP, and IncW plas-
mids transfer and replicate in a broad range of hosts (13, 49,
62). This oldest system of plasmid classification into Inc groups
is based on the inability of plasmids from the same group to be
maintained in the same host due to similarity in replication or
partitioning systems (11, 53). We note that IncP plasmids are
also called IncP-1 in the Pseudomonas classification system, but
they are here referred to as IncP. The entire range of hosts,
including ancestral forms and extant bacteria, in which a
plasmid has replicated at some point during its evolutionary
history is of course unknown but expected to be narrower
than its replication range. Here, we designate this range the
“evolutionary host range.”

To understand the contributions of plasmids to horizontal
gene transfer and bacterial evolution, it is not sufficient to
know the hosts in which plasmids can potentially replicate and
be maintained when tested in the laboratory or the field. While
very valid, such experiments (13, 17, 40, 47, 56, 72) do not allow
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us to evaluate which plasmids have in fact spread among the
widest range of hosts in the past and therefore contributed
most so far to horizontal gene transfer across distantly related
bacteria. We also need to gain insight into the range of hosts in
which they have actually resided over evolutionary time—their
evolutionary host range. This insight into the evolutionary his-
tory of plasmids will also shed light on the reservoirs of the
many unwanted drug resistance and virulence plasmids (65).
Previous studies have shown that the dinucleotide composition
(2-mer genomic signatures) of plasmids tend to be similar to
those of the chromosomes of their known host, suggesting that
the plasmids acquire the host’s genomic signature (7, 67). It
has previously been suggested that host-specific mutational
biases homogenize the nucleotide compositions of genetic el-
ements that are being replicated in the same host (plasmids,
phages, and DNA fragments inserted in the chromosome); this
phenomenon has been designated “genome amelioration” (7,
43). In addition, due to the potential DNA exchange between
chromosomes and plasmids by recombination and transposi-
tion (8, 42), acquisition of large sections of chromosomal DNA
by plasmids may also result in similar signatures between
plasmids and their evolutionary hosts. It thus follows that a
similar genomic signature between a plasmid and a host’s
chromosome may indicate residence of the plasmid in that
or a closely related host during its evolutionary history.
Therefore, it should be possible to infer the evolutionary
host range for plasmids whose genome sequences have been
determined, based on the similarity in genomic signature with
that of completely sequenced bacterial chromosomes.

The goal of this study was to infer the evolutionary host
range of various plasmids based on their genomic signatures.
Specifically, we postulate (i) that known broad-host-range plas-
mids from Proteobacteria have evolved in a wider range of hosts
than narrow-host-range plasmids and (ii) that our genomic
signature approach can be used to assess the promiscuity of
sequenced but uncharacterized plasmids and other mobile el-
ements. To develop our approach, we chose self-transmissible
plasmids belonging to six incompatibility groups, whose host
ranges have been studied intensively and are thought to be
narrow (IncF, IncH, and IncI) or broad (IncN, IncP, and
IncW). To propose candidate evolutionary hosts of these plas-
mids, we compared the genomic signature of each plasmid with
those of 817 chromosomes of prokaryotes for which complete
sequences were available. Our results suggest that the evolu-
tionary host range is broad for IncP plasmids, narrow for IncF
and Incl plasmids, and intermediate for IncH and IncN plas-
mids. The lack of hosts with signatures similar to the IncW
plasmids raises the hypothesis that they have not been amelio-
rated for any host due to their promiscuity. We then used the
same method to infer the evolutionary host range of additional
plasmid groups, such as IncA/C (also called IncP-3), IncL/M,
IncP-9, IncQ (IncP-4), IncU, and PromA and plasmids Ri and
Ti from Agrobacterium sp. (designated Ri/Ti). The similarities
and discrepancies between our findings and previous knowl-
edge on plasmid host range are discussed.

MATERIALS AND METHODS

Software. Genome analyses were conducted using G-language genome anal-
ysis environment version 1.8.10 (2), available at http://www.g-language.org/. Sta-
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tistical tests and graphics were implemented using R version 2.10.1 (57), avail-
able at http://www.r-project.org/.

Genome sequences. Completely sequenced genomes of plasmids and bacterial
chromosomes were downloaded in GenBank format (5) from the National Cen-
ter for Biotechnology Information (NCBI) site (http://www.ncbi.nlm.nih.gov/) in
July 2009. In cases in which the bacterial strain has multiple chromosomes, only
the largest chromosome was used for the analysis. For the complete listings of
the 1,945 plasmids and 817 chromosomes (56 Archaea and 761 Bacteria) used in
this study, see Tables S1 and S2 in the supplemental material. A few plasmids
were (re)named by us: pTi (GenBank accession number NC_002377), pTi-C58
(NC_003065), pAMMD_1 (NC_008385), pKP9 (NC_011383), and pKP12
(NC_011385).

Identifying plasmid incompatibility groups. We performed a protein homol-
ogy search to determine which of the 1,945 completely sequenced plasmids likely
belong to the following 6 incompatibility (Inc) groups with well-known host
ranges: IncF, IncH, Incl, IncN, IncP, and IncW. Homologous proteins were
inferred using BLASTP (1) with an E-value cutoff of 1e . We used 14 reference
plasmids previously classified by traditional incompatibility typing into the IncF,
IncH, Incl, IncN, IncP, or IncW group: F and R100 belong to IncF (subgroups
IncFI and IncFII, respectively); R27 and R478 to IncH (subgroup IncHI);
ColIb-P9 and R64 to Incl; R46 to IncN; RK2, R751, pJP4, pQKHS54, and pKJKS
to IncP; and R388 and R7K to IncW (4, 10, 12, 14, 15, 20, 33, 35, 37, 39, 51, 71,
77). From the 1,945 plasmids, we retrieved plasmids that met both of the fol-
lowing two criteria: (i) they encode proteins that are homologs of more than half
of all proteins encoded by any of the reference plasmids, and (ii) they encode
replication initiation (Rep) proteins that are homologs to those of the reference
plasmids: RepB and RepE from IncFI plasmid F, RepAl and RepA4 from
IncFII plasmid R100, RepHIA from the IncH plasmids, RepZ from the Incl
plasmids, RepA from the IncN plasmid, TrfA from the IncP plasmids, and RepA
from the IncW plasmids (3, 19, 23, 24, 29, 38, 48, 63, 79). The combination of two
criteria allowed the discrimination of those plasmid genomes that share many
proteins and encode the same replication machineries as the reference genomes
(thus satisfying both criteria) from those that just share many proteins but not the
Rep proteins, or only Rep but very few other proteins. This approach was used
because given the mosaic nature of plasmids, some may very well share many
proteins with a given reference plasmid but have a very different replicon and
thus would almost certainly belong to a different Inc group and have a different
host range. We chose the incompatibility group classification, rather than a more
recently proposed classification system based on the transfer-related relaxase
protein (28), because incompatibility grouping is tightly correlated with replica-
tion systems, and the host range is typically limited by a plasmid’s ability to
replicate, not its ability to transfer.

The same approach was used to retrieve plasmids belonging to other well-
known groups that contain multiple completely sequenced plasmids: IncA/C
(also called IncP-3), IncL/M, IncP-9, IncQ (IncP-4), and IncU. The replication
initiation proteins used to retrieve the plasmids and their corresponding refer-
ence plasmids were RepA from the IncA/C plasmid pRA1 (34, 45), RepA from
the IncL/M plasmid pCTX-M3 (52), Rep from the IncP-9 plasmid NAH7 and
pWWO (60, 61), RepC from the IncQ plasmid RSF1010 (50, 59), and RepB from
the IncU plasmid pRA3 (41). The PromA (74) and Ri/Ti (68) plasmids used here
were retrieved from the literature and include those representatives whose ge-
nome sequences were available in GenBank in July 2009.

To visualize and confirm our homology-based assignment of plasmids to these
six Inc groups, we performed cluster analysis of these plasmids based on their
patterns of gene content (6, 64). We performed all-against-all protein sequence
comparisons (BLASTP with an E-value cutoff of 1e7) followed by Markov
clustering with an inflation factor of 2.0 (75) for constructing a group of homol-
ogous proteins (here referred to as a “protein family”). For the obtained gene
content table, see Table S3 in the supplemental material. The dissimilarity in
gene content patterns (binary data for the presence or absence of each protein
family) between two plasmids was measured by the Jaccard distance (one minus
the Jaccard coefficient), and the distance matrix was subject to hierarchical
cluster analysis (unweighted pair group method with arithmetic mean
[UPGMAY]) (25).

Calculating the genomic signature of a DNA sequence. The trinucleotide
composition or 3-mer genomic signature of a DNA sequence (plasmid or chro-
mosome) was represented by a vector, which consists of 64 trinucleotide relative
abundance values. The trinucleotide relative abundance value (x;;) is defined as
the observed trinucleotide frequency divided by the expected trinucleotide fre-
quency, which is the product of the component mononucleotide frequencies:

fz/k
Xije =

- [t
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TABLE 1. Diversity of candidate evolutionary hosts of 92 plasmids
No. of taxa at indicated rank® Dmean”
Name Group® Known host(s)®
Class  Order  Family Genus  Species  Strain  16S rRNA  3-mer
IncF, IncH, Incl, IncN, IncP,
and IncW plasmids
F IncF* Escherichia coli 1 1 1 1 1 9 0.008 0.006
p1658/97 IncF Escherichia coli 1 1 1 3 7 42 0.016 0.033
pCl5-1a IncF Escherichia coli 1 1 1 3 5 26 0.012 0.020
pIP1206 IncF Escherichia coli 1 1 1 3 7 43 0.017 0.034
pO261 IncF Escherichia coli 1 1 1 1 1 12 0.008 0.006
pO86AL1 IncF Escherichia coli 1 1 1 2 2 14 0.008 0.006
pSMS35_130 IncF Escherichia coli 1 1 1 3 6 34 0.016 0.031
R100 IncF* Shigella flexneri 1 1 1 3 6 34 0.015 0.031
pAPEC-O1-R IncH Escherichia coli 1 1 1 11 15 54 0.029 0.054
pEC-IMP IncH Enterobacter cloacae 1 1 1 13 19 65 0.035 0.064
pHCM1 IncH Salmonella enterica 1 2 2 13 19 65 0.037 0.063
pK29 IncH Klebsiella pneumoniae 1 1 1 11 16 60 0.032 0.060
pMAK1 IncH Salmonella enterica 1 2 2 12 18 64 0.036 0.063
R27 IncH* Salmonella enterica 1 2 2 6 10 47 0.034 0.054
R478 IncH* Serratia marcescens 1 1 1 8 12 47 0.030 0.053
ColIb-P9 Incl* Shigella sonnei 1 1 1 2 2 13 0.008 0.006
pCVM29188_101 Incl Salmonella enterica 1 1 1 2 2 17 0.008 0.007
pO113 Incl Escherichia coli 1 1 1 1 1 10 0.009 0.006
pO26-Vir Incl Escherichia coli 1 1 1 1 1 10 0.008 0.006
pSE11-1 Incl Escherichia coli 1 1 1 2 2 16 0.008 0.007
pSLA476_91 Incl Salmonella enterica 1 1 1 1 1 11 0.008 0.006
Ro64 IncI* Salmonella enterica 1 1 1 3 6 28 0.013 0.024
pKP12 IncN Klebsiella pneumoniae 1 1 1 13 18 61 0.032 0.059
pKP9 IncN Klebsiella pneumoniae 1 1 1 12 14 48 0.027 0.050
pKP96 IncN Kiebsiella pneumoniae 1 1 1 11 11 28 0.031 0.056
pLEW517 IncN Escherichia coli 1 1 1 12 13 40 0.029 0.054
pMAK2 IncN Salmonella enterica 1 1 1 12 12 42 0.029 0.053
pMURO50 IncN Escherichia coli 1 1 1 10 13 54 0.035 0.063
R46 IncN* Salmonella typhimurium 1 1 1 13 17 56 0.028 0.052
pAl IncP Sphingomonas sp. 0 0 0 0 0 0 NA NA
pA81 IncP Achromobacter xylosoxidans 2 5 7 8 18 25 0.138 0.107
pADP-1 IncP Pseudomonas sp. 2 5 7 12 24 35 0.138 0.109
PAMMD_1 IncP Burkholderia ambifaria 1 1 1 1 1 1 NA NA
PAOVO02 IncP Acidovorax sp. 2 2 4 8 12 12 0.118 0.103
pB10 IncP NA 2 2 4 5 9 10 0.126 0.097
pB3 IncP NA 1 1 1 1 1 1 NA NA
pB4 IncP NA 2 4 6 7 11 13 0.132 0.102
pB8 IncP NA 1 1 2 2 3 3 0.076 0.090
pBP136 IncP Bordetella pertussis 1 1 1 1 1 1 NA NA
pBS228 IncP Pseudomonas aeruginosa 1 3 3 3 3 3 0.122 0.086
pCNB IncP Comamonas sp. 2 7 9 15 27 32 0.134 0.117
pEST4011 IncP Achromobacter denitrificans 3 5 7 15 23 29 0.133 0.123
plIB1 IncP Burkholderia cepacia 2 4 6 12 20 27 0.126 0.110
pJP4 IncP* Ralstonia eutropha 3 5 7 12 17 19 0.117 0.107
pKIKS IncP* NA 1 1 1 1 1 1 NA NA
pQKH>54 IncP* NA 2 3 3 3 6 11 0.073 0.086
pTBI1 IncP NA 2 2 3 3 3 3 0.191 0.145
pTP6 IncP NA 1 1 2 2 2 2 NA NA
pUO1 IncP Delftia acidovorans 2 4 6 11 17 21 0.131 0.107
R751 IncpP* Enterobacter aerogenes 0 0 0 0 0 0 NA NA
RK2¢ IncP* Klebsiella aerogenes and 1 1 1 1 2 2 NA NA
Pseudomonas aeruginosa
pIE321 IncW Salmonella enterica 0 0 0 0 0 0 NA NA
pMAK3 IncW Salmonella enterica 0 0 0 0 0 0 NA NA
R388 IncW* Escherichia coli 0 0 0 0 0 0 NA NA
R7K IncW* Providencia rettgeri 0 0 0 0 0 0 NA NA
IncA/C, IncL/M, IncP-9,
IncQ, IncU, PromA,
and Ri/Ti plasmids
PAMO04528 IncA/C Salmonella enterica 2 2 3 3 4 4 0.167 0.113
PAR060302 IncA/C Escherichia coli 2 4 5 5 6 6 0.167 0.122
pAsa4 IncA/C Aeromonas salmonicida 2 3 3 3 4 4 0.161 0.098
peH4H IncA/C Escherichia coli 3 7 8 8 11 15 0.155 0.133
pIP1202 IncA/C Yersinia pestis 2 3 4 4 5 5 0.171 0.111
pP91278 IncA/C Photobacterium damselae 1 1 1 1 1 1 NA NA
pP99-018 IncA/C Photobacterium damselae 2 2 2 2 2 2 NA NA
pRA1 IncA/C*  Aeromonas hydrophila 1 1 1 1 1 1 NA NA
PSN254 IncA/C Salmonella enterica 3 6 7 7 8 8 0.178 0.130
pYRI1 IncA/C Yersinia ruckeri 0 0 0 0 0 0 NA NA
pCTX-M3 IncL/M*  Citrobacter freundii 1 1 1 12 17 59 0.030 0.057
pCTXM360 IncL/M Klebsiella pneumoniae 1 1 1 4 7 37 0.018 0.035
pEL60 IncL/M Erwinia amylovora 1 1 1 5 8 41 0.019 0.038
NAH7 IncP-9* Pseudomonas putida 2 8 9 10 13 17 0.138 0.113
pDTG1 IncP-9 Pseudomonas putida 2 8 10 10 13 20 0.122 0.123
pNAH20 IncP-9 Pseudomonas fluorescens 2 8 10 11 14 21 0.125 0.123
pPWWO IncP-9* Pseudomonas putida 2 5 5 5 12 20 0.091 0.104

Continued on following page
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TABLE 1—Continued

No. of taxa at indicated rank® Dmean”
Name Group® Known host(s)®

Class  Order  Family Genus  Species  Strain  16S rRNA  3-mer
pCCK1900 IncQ Pasteurella multocida 1 1 1 1 1 1 NA NA
pCHE-A IncQ Enterobacter cloacae 0 0 0 0 0 0 NA NA
pDN1 IncQ Dichelobacter nodosus 0 0 0 0 0 0 NA NA
pIE1115 IncQ NA 0 0 0 0 0 0 NA NA
pIE1130 IncQ NA 0 0 0 0 0 0 NA NA
pMS260 IncQ Actinobacillus pleuropneumoniae 0 0 0 0 0 0 NA NA
RSF1010 IncQ* Escherichia coli 0 0 0 0 0 0 NA NA
pFBAOT6 IncU Aeromonas punctata 1 1 1 1 1 1 NA NA
pRA3 IncU* Aeromonas hydrophila 0 0 0 0 0 0 NA NA
pIPO2T PromA NA 0 0 0 0 0 0 NA NA
pPMRADO2 PromA Methylobacterium radiotolerans 3 6 8 13 21 27 0.158 0.125
pSB102 PromA NA 1 1 1 1 1 1 NA NA
pTer331 PromA Collimonas fungivorans 0 0 0 0 0 0 NA NA
pRi1724 Ri/Ti Agrobacterium rhizogenes 1 1 4 10 16 20 0.080 0.078
pRi2659 Ri/Ti Agrobacterium rhizogenes 1 1 4 10 17 21 0.081 0.080
pTi Ri/Ti Agrobacterium tumefaciens 2 3 7 9 12 15 0.100 0.085
pTi-C58 Ri/Ti Agrobacterium tumefaciens 1 2 6 12 15 19 0.097 0.091
pTi-SAKURA Ri/Ti Agrobacterium tumefaciens 1 2 6 11 14 17 0.096 0.088
pTiBo542 Ri/Ti Agrobacterium tumefaciens 2 3 7 9 12 15 0.100 0.085
pTiS4 Ri/Ti Agrobacterium vitis 1 2 6 12 18 21 0.083 0.078

¢ Group, incompatibility group based on experimental testing (+) or homology-based screening. See Table S4 in the supplemental material for the GenBank accession

numbers of the plasmids.

® Known host, bacterial species name of the host in which the plasmid was found; NA, not available.
¢ All predicted hosts belong to one domain (Bacteria) and one phylum (Proteobacteria).
4 Dmean, mean distance between all pairs of candidate evolutionary host strains based on dissimilarity in 16S rRNA gene sequence and in 3-mer genomic signature.

NA, not available because less than three strains were detected.

¢ The RK2 sequence is a composite genome sequence assembled from sequence information on presumably identical plasmids R18, R68, RK2, RP1, and RP4, which
were found in different hosts, Kiebsiella aerogenes and Pseudomonas aeruginosa (36, 54).

where f;, f;, and f; denote the frequency of the mononucleotide 7, j, and k,
respectively (i, j, k € A, C, G, T) and f;; denotes the frequency of the trinucle-
otide ijk. These values combine counts from both strands of the sequence.

Measuring genomic signature difference between DNA sequences. The dissim-
ilarity in 3-mer genomic signatures between two DNA sequences (plasmid-
plasmid or chromosome-chromosome) was measured by average absolute dif-
ference (3).

1
b= G2t
ik
where x;;, andy;, are the relative abundance values of the trinucleotide ijk for the
sequences x and y, respectively, and the sum extends over all 64 trinucleotides.
The distance matrix for plasmids was subject to multidimensional scaling (25).

Inferring evolutionary hosts of a pl id based on g signature. We
proposed candidate evolutionary hosts for each plasmid based on 3-mer genomic
signature similarity between the plasmid and 817 bacterial chromosomes. The
dissimilarity in genomic signature between each plasmid and a set of nonover-
lapping 5-kb chromosomal segments from one bacterial strain was measured by
the Mahalanobis distance, and the distances were converted to P values as
described previously (67). High P values of close to 1 indicate small Mahalanobis
distances and similar genomic signatures between a plasmid and chromosome;
e.g., a P value of >0.6 indicates that the plasmid has a smaller Mahalanobis
distance and thus is more similar to the average chromosome signature than
>60% of the chromosomal segments. A bacterial strain was proposed as a
candidate evolutionary host when a P value derived from Mahalanobis distance
between the plasmid and chromosome was greater than 0.6.

Analyzing taxonomic range and diversity of evolutionary hosts. The taxonomic
range of candidate evolutionary hosts for each plasmid was represented by the
number of different taxonomic groups at all ranks; i.e., domain, phylum, class,
order, family, genus, and species. The diversity of candidate evolutionary hosts
for each plasmid was also quantified by a mean distance (Dmean) between all
pairs of the candidate evolutionary hosts (76). Distances were measured in two
ways: on the basis of their dissimilarities in (i) 16S rRNA gene sequence and (ii)
3-mer genomic signature. The Dmean value of a plasmid was calculated only
when more than two candidate evolutionary hosts were available for that plas-
mid. Multiple alignments and distance measures of 16S rRNA sequences were
implemented by MUSCLE (21). The 3-mer genomic signature consisted of a
mean vector of trinucleotide relative abundance values calculated from the
chromosomal segments, and the genomic signature dissimilarity between two
chromosomes was measured by the average absolute difference (3).

RESULTS

Retrieval of plasmids belonging to six incompatibility groups.
To develop our genomic signature method for inferring the
evolutionary host range of plasmids, we first retrieved the
genomes of self-transmissible plasmids that belong to six
incompatibility groups with well-studied host range charac-
teristics. A homology-based screening procedure was ap-
plied to all 1,945 completely sequenced plasmids available in
GenBank to retrieve plasmids that likely belong to the IncF,
IncH, Incl, IncN, IncP, or IncW group. Fifty-nine plasmids were
retained after this screening. From these, the following four plas-
mids were not included because they were regarded as duplicates:
plasmid NR1 (NC_009133), plasmid EC-IMPQ (NC_012556), a
transconjugant version of pLEWS517 (NC_009131), and Ralstonia
eutropha JMP134 plasmid 1 (NC_007337), which are duplicates of
plasmids R100 (NC_002134), pEC-IMP (NC_012555), wild
pLEWS517 (NC_009132), and pJP4 (NC_005912), respectively.
The final set thus consisted of 55 plasmids: 8 IncF, 7 IncH, 7 Incl,
7 IncN, 22 IncP, and 4 IncW plasmids, as shown in Table 1.

We then confirmed that the six Inc groups were clearly
differentiated by their patterns of gene content (6, 64). The
gene content can reflect major evolutionary phenomena such
as vertical inheritance of genes, lineage-specific gene loss due
to actual deletion or rapid sequence divergence, nonortholo-
gous gene displacement, and horizontal gene transfer (27).
Our all-against-all protein sequence comparisons yielded 1,318
“protein families” containing 6,097 individual proteins from
the 55 plasmids (see Table S3 in the supplemental material).
Only protein families that contained proteins from at least two
plasmids were considered further, resulting in a final data set
of 823 protein families. Based on our definition of protein
families, replication initiation proteins from IncFII, IncH, IncI,
IncN, IncP, and IncW belonged to different families, while
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FIG. 1. Hierarchical clustering of 55 plasmids based on their dissimilarities in gene content. In the matrix, columns are plasmids, rows are
protein families, and black and white denote the presence and absence of each protein family, respectively. Each character (F, H, I, N, P, and W)

denotes the incompatibility group to which each plasmid belongs.

RepB and RepE (from IncFI) were homologous to RepHIA
(from IncH) and RepA (from IncN), respectively. The binary
data for the presence or absence of each of the protein families
were subject to hierarchical clustering, and the constructed
tree based upon gene content is shown in Fig. 1, where neigh-
boring plasmids in the same cluster have similar gene content
patterns. When the tree was divided into six clusters, each
cluster contained the plasmids previously classified as, respec-
tively, IncF (F and R100), IncH (R27 and R478), Incl
(Collb-P9 and R64), IncN (R46), IncP (RK2, R751, pJP4,
pQKHS54, and pKJKS), or IncW (R388 and R7K) by tradi-
tional incompatibility testing (Table 1). The proteins that
contributed to clustering into the six groups were involved
mostly in plasmid backbone functions: replication, mainte-
nance/control, and transfer. The plasmids within the same Inc
group shared many homologous genes, suggesting that they are
phylogenetically closely related, while the plasmids from dif-
ferent Inc groups shared few homologous genes, suggesting
that they are phylogenetically distantly related or have inde-
pendent origins. This set of six plasmid clusters was used to
compare the evolutionary host range of plasmids of the six Inc
groups.

Comparison of genomic signatures among plasmids. Since
the genomic signature of a plasmid tends to reflect that of the
host in which it was found (67), similarities in genomic signa-
ture among plasmids may reflect similarities in evolutionary
host range. In the current study, we used trinucleotide frequen-
cies as the genomic signature of choice rather than dinucle-
otide frequencies, which were used in our previous study. This
change was made based on the results of a performance test
that compares the abilities of the two frequencies to identify
known hosts (not shown). The performance test procedures
were the same as those described previously (67). To visualize
the similarity in genomic signature among the 55 plasmids
from the 6 Inc groups, we performed multidimensional scaling
to map the plasmids onto a two-dimensional space, where
neighboring plasmids have similar genomic signatures (Fig. 2).
Figure 2 clearly shows that plasmids belonging to the same Inc
group, with similar gene content (Fig. 1), also had similar
genomic signatures. Moreover, plasmids from the IncF, IncH,
and Incl groups had similar signatures, while the IncN, IncP,
and IncW groups had signatures that were distinctly different
from each other and from those of the other three groups.
Thus, while Fig. 1 shows that all these six Inc groups are
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FIG. 2. A two-dimensional visualization of 55 plasmids using mul-
tidimensional scaling based on their dissimilarities in 3-mer genomic
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patibility (Inc) group to which each plasmid belongs.
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phylogenetically distinct, the results in Fig. 2 suggest that the
IncF, IncH, and IncI plasmids have evolved in a similar range
of hosts, while the IncN, IncP, and IncW plasmids have evolved
in different sets of hosts. The evolutionary host ranges are
examined below.

Taxonomic range and diversity of putative evolutionary
hosts of plasmids. Plasmids tend to acquire the genomic sig-
nature of their host chromosomes; therefore, the evolutionary
host range of a plasmid can be inferred from the degree of
similarity between the signature of the plasmid and those of
sequenced bacterial chromosomes (67). Narrow-host-range
plasmids are expected to have genomic signatures that are
similar to only a narrow range of hosts, whereas broad-host-
range plasmids are expected to show similarity with a broader
range of hosts. We inferred the evolutionary host range for the
55 plasmids from the 6 Inc groups by comparing each of their
signatures with each of the chromosomes of 817 prokaryotes
(56 archaea and 761 bacteria). Throughout this study, a bac-
terial strain was proposed as a candidate evolutionary host of
a given plasmid when its genomic signature was close to that of
the plasmid, as indicated by high P values (>0.6). This rela-
tively stringent P value should minimize false-positive detec-
tion of evolutionary hosts of plasmids. Indeed, all candidate
evolutionary hosts were found to be members of only one
phylum, the Proteobacteria, which is consistent with the known
hosts and host ranges of these plasmids (see Table S4 in the
supplemental material). Only when the threshold P value was
lower than 0.3 were non-Proteobacteria detected as candidate
evolutionary hosts (see Table S2 in the supplemental material).
Although threshold P values above 0.6 resulted in more plas-
mids without detectable candidate hosts than now shown in
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Table 1, the main conclusion of this study is not altered by
choosing higher or lower P values.

At the threshold P value of 0.6, no candidate evolutionary
hosts were detected for any of the 4 IncW plasmids (pIE321,
pMAKS3, R388, and R7K) and for 2 of the 22 IncP plasmids
(pA1 and R751) (Table 1). The bacterial strain most similar in
genomic signature to IncW plasmids pIE321, pMAKS3, and
R388 was the betaproteobacterium Dechloromonas aromatica
RCB (with low corresponding P values of 0.19, 0.17, and 0.12,
respectively), and the most similar strain for R7K was the
alphaproteobacterium Brucella abortus bv. 1 strain 9-941 (P =
0.31). The strains with signatures most similar to the IncP
plasmids pAl and R751 were the betaproteobacterium
Acidovorax sp. JS42 (P = 0.46) and the gammaproteobacterium
Pseudomonas stutzeri A1501 (P = 0.56), respectively. Given the
low P values needed to detect any hosts, these six plasmids
were not considered in the analyses described below.

In a first attempt to compare the evolutionary host ranges
among plasmids, we inferred the kinds and diversity of candi-
date hosts for each plasmid by categorizing them based on
their taxonomy. Table 1 shows the number of different taxa at
the ranks of class, order, family, genus, and species, and Fig. 3
shows the number of candidate evolutionary hosts for all 55
plasmids, categorized by class and order. At the class level
(Fig. 3A), candidate evolutionary hosts of the IncP plasmids
spanned a very broad range, including up to three proteobac-
terial subgroups (Alpha-, Beta-, and Gammaproteobacteria).
This is consistent with the observation that IncP plasmids are
naturally found in members of at least these three classes
within the phylum Proteobacteria (see Table S4 in the supple-
mental material) and that most can also transfer and replicate
in representatives of these three classes in laboratory matings
and microcosm studies (17, 30, 56, 72). In contrast, all candi-
date hosts of the IncF, IncH, Incl, and IncN plasmids belonged
to the Gammaproteobacteria only. At the order level, Fig. 3B
also clearly shows that candidate evolutionary hosts for the
IncP group encompassed a much wider taxonomic range than
that for the IncF, IncH, Incl, and IncN groups (mostly Entero-
bacteriales), with up to seven orders for some IncP plasmids.
This result for the IncF and Incl plasmids is in agreement with
experimental evidence that their host range is limited to mem-
bers of the Enterobacteriales, while those for the IncH and IncN
plasmids warrant further discussion (see Discussion) (13). In con-
clusion, the results suggest that IncP plasmids have evolved in the
widest taxonomic range, while IncF, IncH, Incl, and IncN plas-
mids have resided in a narrower taxonomic range.

Second, we inferred plasmid host range based on genetic
distance between putative evolutionary hosts without using
taxonomic information. “Taxonomic richness” has drawbacks,
because it does not take into account distances between bac-
terial strains and also can be influenced by the number of
strains detected as candidate evolutionary hosts, which in turn
is biased by the genome sequences available. For example, as
shown in Table 1, the numbers of classes, orders, families,
genera, species, and strains for IncP plasmid pQKH54 were 2,
3, 3, 3, 6, and 11, respectively, while those for IncN plasmid
R46 were 1, 1, 1, 13, 17, and 55. Thus, while pQKHS54 showed
higher taxonomic richness values at the class, order, and family
levels, R46 showed higher taxonomic richness values at the
genus, species, and strain levels. Moreover, several bacterial
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FIG. 3. Bar plot showing the number of candidate evolutionary hosts for each plasmid. Different colors indicate different taxonomic groups at
the level of class (A) and order (B). The number of strains belonging to each taxon is given in parentheses. Each character (F, H, I, N, P, and W)
denotes the incompatibility (Inc) group to which each plasmid belongs.

strains are still being reclassified into new species and even new

16S rRNA gene sequence Genomic signature

genera. Therefore, a method for inferring evolutionary host >

diversity that does not require a species or any other taxonomic A B

information was conducted. g— g— °

We quantified the diversity of candidate evolutionary hosts % E -

for each plasmid by using the mean genetic distance (Dmean) § e = =

between all pairs of candidate hosts (76). Distances were mea- 5 ° 8 ° =

sured in two ways: on the basis of the plasmid hosts’ dissimi- 3 0 | 9 | = ==

larity in 16S rRNA gene sequence and dissimilarity in 3-mer T s - S o

genomic signature. As a point of reference, the Dmean values g | = e g | E —

between all 817 strains used in the analyses based on these two S —T T T T T 1 S T T T T T 1
FH I NPW FH I NPW

features were 0.281 and 0.255, respectively. The Dmean values
for individual plasmids are shown in Table 1 and summarized
per Inc group in Fig. 4 as box-and-whisker plots. The diversity
of plasmid hosts based on the distances between their 16S
rRNA gene sequences was highest for the IncP plasmids (me-
dian Dmean value of 0.128), followed by those of the IncH
(0.034), IncN (0.029), IncF (0.013), and Incl (0.008) groups

Incompatibility (Inc) group Incompatibility (Inc) group

FIG. 4. Box-and-whisker plots summarizing the distributions of di-
versity among candidate evolutionary hosts for plasmids from six in-
compatibility (Inc) groups (F, H, I, N, P, and W). The host diversity for
each plasmid was quantified by the mean distance (Dmean) between
all host pairs based on their dissimilarity in 16S rRNA gene sequence
(A) and 3-mer genomic signature (B).
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(the difference was statistically significant based on a Kruskal-
Wallis rank sum test; P value of <10~ °). Similar results were
obtained when using alignments after removing any alignment
position where any of the sequences showed a gap (data not
shown). The diversity of plasmid hosts based on the distances
between their 3-mer genomic signatures was again highest for
the IncP plasmids (median Dmean value of 0.107), followed by
those of the IncH (0.060), IncN (0.054), IncF (0.025), and IncI
(0.006) plasmids (Kruskal-Wallis rank sum test; P value of
<107%). These findings confirm that the range of candidate
evolutionary hosts for the IncP plasmids is wider than the
ranges of the IncF, IncH, Incl, and IncN plasmids, suggesting
that IncP plasmids have been much more promiscuous over
evolutionary time than their IncF, IncH, Incl, and IncN coun-
terparts. The only caveat is for the IncW group, as the candi-
date host diversity could not be tested due to lack of sufficient
candidate hosts.

Finally, we assessed the evolutionary host range of plasmids
from additional groups of interest with multiple sequenced
representatives: 10 IncA/C, 3 IncL/M, 4 IncP-9, 7 IncQ, 2
IncU, 4 PromA, and 7 Ri/Ti plasmids (see Table S4 in the
supplemental material). At the threshold P value of 0.6, no or
less than three hosts were detected for 4 of the 10 IncA/C
plasmids tested, all 7 IncQ plasmids, both IncU plasmids, and
3 of the 4 PromA plasmids. This result was similar to that for
all 4 IncW plasmids and 8 IncP plasmids reported above (Table
1 and Fig. 3) and requires further investigation. All candidate
evolutionary hosts detected for the remaining plasmids were
members of the Proteobacteria (Table 1) (see Fig. S1 in the
supplemental material): Beta-, Gamma-, or Deltaproteobacteria
for the IncA/C plasmids, Beta- and Gammaproteobacteria for
the IncP-9 plasmids, and only Gammaproteobacteria for the
IncL/M plasmids. As expected, the commonly predicted hosts
of the Ri/Ti plasmids were the Rhizobiales (see Fig. S1 in the
supplemental material). The predicted evolutionary host diver-
sity for the IncA/C, IncP-9, and Ri/Ti plasmids, as expressed by
median Dmean values (based on 16S rRNA gene sequences),
was higher than that for the IncF, IncH, Incl, IncN, and
IncL/M plasmids. Similar results were obtained when different
threshold P values were used (see Fig. S2 in the supplemental
material). Together, these results suggest that the IncA/C,
IncP, IncP-9, and Ri/Ti plasmids have broader evolutionary
host ranges than the IncF, IncH, Incl, IncL/M, and IncN plas-
mids.

DISCUSSION

In this study, we used similarities in genomic signatures
between 55 plasmids belonging to 6 well-studied incompatibil-
ity groups and all available prokaryotic chromosome sequences
to infer the plasmids’ evolutionary host range, i.e., the range of
hosts in which these plasmids may have resided over evolu-
tionary time. Generally, IncF, IncH, and IncI group plasmids
are considered to have a narrow host range, while IncN, IncP,
and IncW group plasmids have a broad host range (13, 49, 62).
The results of a genomic signature comparison suggest that the
broad-host-range IncP plasmids indeed have a broad evolu-
tionary host range and that the narrow-host-range IncF and
Incl plasmids have the narrowest (Fig. 4). This indicates that a
plasmid’s genomic signature can provide information about its
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promiscuity. The inferred intermediate evolutionary host
range for the IncH and IncN plasmids, and the absence of
putative evolutionary hosts for IncW plasmids, can also in part
be explained after a more detailed analysis of previous studies,
as described below. We then inferred the evolutionary host
range of self-transmissible plasmids whose host ranges have
been studied in less detail (IncA/C, IncL/M, IncP-9 and IncU,
PromA and Ri/Ti) and the non-self-transmissible IncQ plas-
mids. Below, we discuss our findings on the predicted evolu-
tionary host range for each of these plasmid groups in light of
knowledge gained from previous empirical studies on their
replication and transfer range. This is the first report of a
thoroughly validated genomic tool that allows the inference of
the putative host range of plasmids or other mobile elements
solely on the basis of their DNA sequence.

We showed that plasmids that belong to the same Inc group
with similar gene content (Fig. 1) also have similar genomic
signatures (Fig. 2). It is expected that closely related plasmids
within the same Inc group that share a recent common ances-
tor are similar in gene content and genomic signature. How-
ever, after continued divergence, these plasmids could possibly
acquire different genomic signatures. Since this is not what we
observed, and given our current understanding of the diversity
in plasmid replication machineries and their complex interac-
tions with several host factors (18, 50, 73), we posit the follow-
ing. Because plasmids of the same Inc group have similar
replication machineries, they have been restricted to a similar
range of hosts; therefore, their genomic signatures have been
driven to be compatible with that of these hosts. It is no
surprise then that their signatures remained similar even after
the plasmids diverged from a common ancestor.

The intermediate evolutionary host range for the IncH plas-
mids may seem contradictory to the common assumption that
IncH plasmids have a narrow host range. However, a closer
look at the experimental studies shows that subgroup IncHI
plasmids are thermosensitive for conjugative transfer; i.e.,
transfer efficiency is optimal at temperatures below 30°C (70).
For example, it was shown that at 24°C, the host range of most
IncHI plasmids was equivalent to that of broad-host-range
plasmids IncN, IncP, and IncW, and that at 14°C, IncHI plas-
mid R478 showed the broadest host range and transfer profi-
ciency of any plasmid tested (47). Thus, while the host range of
IncH seems narrow at common laboratory temperatures of 30
to 37°C, at lower temperatures in many natural environments,
IncH plasmids may well transfer between and reside in a mod-
erately wide range of hosts.

At first sight, our finding that IncN plasmids have an inter-
mediate evolutionary host range (Enterobacteriales only) does
not support the commonly found statement that IncN plasmids
are broad-host-range plasmids (62) and some findings that
corroborate that statement. For example, IncN plasmids have
been transferred to the alphaproteobacterium Caulobacter
crescentus (22) and even the deltaproteobacterium Myxococcus
sp. (55). However, there are also suggestions that IncN plas-
mids have a more limited host range. First, IncN plasmids are
most often found in Enterobacteriales, such as Escherichia,
Klebsiella, Proteus, Providencia, Salmonella, Shigella, and Yer-
sinia species (62). Second, compared to IncP plasmid RK2,
IncN plasmids were found either to transfer inefficiently or to
be unstable in nonenteric bacteria (69). This observation of
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limited host range was also confirmed in an independent study
that compared the IncN plasmid pCU1 with the IncP plasmid
RK2 (40), as well as in a soil microcosm study (56). Thus,
whereas IncN plasmids can potentially transfer and replicate in
a broad range of hosts, rigorous studies show that this range is
narrower than for IncP plasmids. These findings thus support
our inference that the evolutionary host range of IncN plas-
mids is wider than that of IncF and Incl plasmids but narrower
than that of IncP plasmids.

IncW plasmids are also considered to have a broad host
range, because they have been found in a wide variety of
bacteria, including Alpha-, Beta-, Gamma-, Deltaproteobacteria,
and Bacteroidetes (24). Interestingly, at the threshold P value of
0.6, not a single candidate evolutionary host was detected from
among 817 strains for any of the four IncW plasmids (Fig. 3
and Table 1). The IncA/C, IncP, IncQ, IncU, and PromA
groups also contained such plasmids whose genomic signatures
were not similar to those of any of the chromosomes. There are
at least two possible explanations for not detecting candidate
evolutionary hosts for these broad-host-range plasmids. The
first is that the evolutionary hosts of these plasmids have not
yet been isolated and sequenced. This hypothesis cannot be
entirely excluded, since a large proportion of prokaryotes have
not yet been completely sequenced. While the complete ge-
nome sequences of the strains in which the IncW plasmids
were found (Table 1) (see Table S1 in the supplemental ma-
terial) have not been determined, genome sequences of related
strains of the same species are available, yet do not show high
signature similarity with these plasmids. For example, the P
values for plasmid pIE321 and the genomes of 13 Salmonella
enterica subsp. enterica strains and those for plasmid R388 and
the 22 Escherichia coli strains were lower than 0.01, indicating
significantly different genomic signatures. This suggests that
the known hosts listed in Table 1 have only recently acquired
these plasmids. Second, these plasmids have likely horizontally
transferred between multiple diverse hosts. Due to this pro-
miscuous history, there may not have been sufficient time for
plasmid genome amelioration to occur in any host, or their
genomic signatures reflect a mixture of diverse host signatures.
According to the second hypothesis, plasmids like those of the
IncW group for which no candidate evolutionary hosts are
detected would have a broader evolutionary host range than
plasmids for which diverse hosts can be detected, such as the
IncP plasmids. Future experimental and genomic analyses
should test this hypothesis.

When the signature method was further tested with a second
set of plasmids whose host ranges have been studied in less
detail, both expected and surprising results were obtained. The
candidate evolutionary hosts for the Ri/Ti plasmids were
mostly Rhizobiales (see Fig. S1 in the supplemental material),
which is in agreement with their known hosts (Table 1; also,
see Table S4 in the supplemental material). The lack of signa-
ture similarity with any host for most IncQ, IncU and PromA
plasmids, suggesting a high level of promiscuity, is consistent
with empirical studies that have shown wide host ranges for
plasmids from these groups, including at least three proteobac-
terial classes (41, 74). The IncQ plasmids, the only non-self-
transmissible plasmids included in the study, can also replicate
in Gram-positive bacteria (58). In contrast to an empirical
study that showed replication of IncL/M plasmid pCTX-M3 in
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members of three proteobacterial classes (Alpha-, Beta-, and
Gammaproteobacteria) (52), we predicted the plasmids from
this group to have an intermediate evolutionary host range
(Enterobacteriales only), similar to that of the IncN plasmid
(Table 1) (see Fig. S1 and S2 in the supplemental material).
IncL/M and IncN plasmids also have similar genomic signa-
tures (data not shown), suggesting that they have evolved in
similar ranges of hosts. In addition, our method predicted that
the evolutionary host range of the IncA/C and IncP-9 plasmids
is as broad as or broader than that of the IncP plasmids (see
Fig. S1 and S2 in the supplemental material), whereas so far as
we know, representative plasmids RA1 (46) and pWWO (31)
have been shown to replicate only in Gammaproteobacteria. In
conclusion, the predicted evolutionary host ranges were as
expected for the IncQ, IncU, Ri/Ti, and PromA plasmids,
narrower than expected based on limited experimental data for
the IncL/M plasmids, and broader than expected for the
IncA/C and IncP-9 plasmids. The discrepancy should be exam-
ined further in future studies.

All analyses in this study were done using the entire plasmid
genomes. We are aware of the mosaic nature of plasmids,
which contain discrete DNA regions; i.e., those vertically in-
herited from a common ancestral plasmid and those recently
acquired by horizontal transfer from the host chromosomes or
other mobile elements. The vertically inherited plasmid re-
gions should be similar in genomic signature to those of their
long-term evolutionary hosts due to genome amelioration.
Plasmid fragments acquired from the host chromosomes may
also result in similar signatures between plasmids and their
hosts even after short-term residence. To address the question
of chromosomal insertions in plasmids, we did a preliminary
test in which plasmid sequences that were detected in any of
the 817 chromosomes were eliminated from the plasmids be-
fore analysis. The results did not change our main conclusion,
i.e., that the evolutionary host range is broad for IncP plasmids,
narrow for IncF and Incl plasmids, and intermediate for IncH
and IncN plasmids (data not shown). However, acquisition by
a plasmid of DNA from other mobile elements with very dif-
ferent genomic signatures, for example through recombination
or transposition between coresiding plasmids with different
host ranges, may result in a combination of very different
genomic signatures. When the history of plasmid fragments is
that different, our test may fail to detect the evolutionary
plasmid hosts. The broader than expected evolutionary host
range for the IncA/C and IncP-9 plasmids could be due in part
to such gene acquisition. Future studies will need to unravel
the effect of horizontal gene transfer between plasmids on
plasmid signatures and the signature-based prediction of their
evolutionary host range.

In summary, this study establishes that the host range of
plasmids can be inferred from their genomic signatures. The
lack of hosts with genomic signatures similar to those of the
IncW and several other broad-host-range plasmids is intriguing
and requires further investigation. Genome sequence analysis
of more bacterial chromosomes and plasmids is required to
minimize sampling bias and maximize phylogenetic coverage
(78). The discrepancies between inferred evolutionary host
ranges and empirically determined replication ranges for some
plasmid groups require further investigation. While the plas-
mid data set used in this present study may be limited and
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biased, future experimental and genomic studies will improve
our understanding of the evolutionary host range of plasmids.
This genomic tool to assess plasmid host range will thus pro-
vide insight into the promiscuity and potential reservoirs of
plasmids and other mobile genetic elements in the horizontal
gene pool (65). This is not only of interest to the fields of
plasmid biology and bacterial evolution but also of medical
relevance, given that many of these plasmids threaten our
ability to adequately combat infectious diseases (44).
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